ABSTRACT. Guided Lamb waves offer important inspection potential due to the range of available propagating wave modes. Compared to localized conventional point-by-point ultrasonic wave testing, they can be launched over long distances where larger and non accessible areas can be inspected using single pulse excitation. In this work, Lamb modes are excited using 2D linear array probes to detect corrosion/cracks in airframe-like structures. A Lamb wave phase velocity variation technique was developed to evaluate material thinning caused by corrosion. First order antisymmetric A! mode was used in a substantially dispersive region, yielding important phase velocity variation to characterize corrosion. To simplify phase variation calculations, we assumed either no mode conversion or a complete mode conversion occurring from mode interaction with defects. For defect separation, results were averaged and images were reconstructed using synthetic artificial focusing technique.
INTRODUCTION
Metallic corrosion has proven to be a major problem in the aircraft industries, as well as chemical, nuclear and geothermal plants. In 1 995, the losses related to metallic corrosion was approximated to 296 billion US$ in the USA only, where 104 billion US$ were considered as avoidable losses if these industries had been using existing, low cost inspection techniques [1] . The necessity of developing effective, simple low cost inspection systems is thus important. Nondestructive evaluation using ultrasounds meets these criteria. A characteristic of the previous industries is that plate geometries are very common, which allows the use of guided waves as an inspection tool. Guided ultrasonic Lamb waves have proven to be sensitive to thickness changes in plates, both in reflection and transmission mode [2] . Their dispersive nature, i.e. phase and group velocity variation as a function of frequency-thickness product, allow the measurement of thickness variations in a plate.
hi this work, we explore the possibility of using Lamb waves as an inspection tool for corrosion detection and sizing on airframe-like structures. A 2D linear array design is studied for the generation of the guided modes. A Synthetic Aperture Focusing Technique algorithm is applied to pulse-echo scans for defect localization and sizing, while a phase velocity variation technique allows the depth measurement of a thinned, corroded area.
THEORY Lamb Waves
Lamb waves (plate waves) refer to elastic perturbations propagating in a solid plate (or layer) with free boundaries, for which displacements occur both in the direction of wave propagation and perpendicularly to the plane of the plate [3] . For an isotropic plate of thickness 2h, the dispersion relation describing both symmetrical and antisymmetrical modes can be written as [4] (k 2 
where the wave numbers p and q are given by
and where co is the angular frequency, k is the angular wave number and VL and V$ are respectively the longitudinal and shear bulk wave velocities in the material. The parameter a permits discriminating between symmetrical (a = 0) and antisymmetrical (a = n/2) modes. Equation (1) allows us to obtain the dispersion curves of Lamb wave modes in an isotropic material of known velocities VL, Vs and thickness 2h as a function of the frequency -thickness product.
Lamb Waves Generation with a 2-D Linear Arrays
Wavelength-matched type linear arrays (combs) can be used to generate Lamb waves. In this case, with a proper excitation, the wavelength component corresponding to the spacing between the elements of the comb is constructed, allowing a wavelength selection in the generation of a Lamb mode, as described by the following equation, derived from a phased transducer array equation proposed by Li et al. [5] A
where TV is the number of elements in the array, A(X) is the mode amplitude, B(X, CD} is a weighting function, CD is the angular frequency, k is the angular wave number, t is the time, x is the position along the comb axis and x center is the position of the center of the transducer. The "T" sign implies "-" for a +jc direction propagation and "+" for a -x propagation, meaning they do not provide a unidirectional mode generation, the waves being generated on both sides of the comb. Some linear arrays using time delays were proposed to achieve a unidirectional mode generation [5] [6] [7] , however, simple configuration with conventional linear arrays is sufficient for the current study. Since the width of comb transducers is very small, it allows building a 2-D linear array designed of multiple combs set s ide b y side. For scanning purpose, it can be glued on the surface of the inspected specimen. A multiplexer can perform the spatial indexing on the combs electronically instead of moving a transducer on the surface. With such a configuration, coupling efficiency is not a problem, but the spatial sampling is restricted to the spacing between the combs.
Defect Localization and Sizing: Synthetic Aperture Focusing Technique
While Lamb waves are dispersive, it is difficult to identify the correct time-offlight of an echo since every frequency component has a different phase and group velocity. Thus, highly dispersive modes do not allow a precise localization by standard means. In order to perform this localization, the dispersion needs to be considered. We have shown that a numerical dispersion compensation applied to Lamb waves inspection signals allows localization and separation of defects [ 8] , as well as their sizing when a Synthetic Aperture Focusing Technique is used to perform the compensation [9] .
The 2-D version of the Synthetic Aperture Focusing Technique (SAFT) is a computational technique that basically consists in performing the focusing of an acoustic field recorded along the x-axis toward a point located at depth z. A complete description of the Fourier domain SAFT process applied to Lamb waves can be found in Sicard et al. [9] . For a 2-D inspection pattern in an isotropic media, a set of acoustic fields S(x,z = Q,t), expressed as S(k x ,Q,f) in the 2-D Fourier domain, is recorded a long the scanning axis x, at depth z = 0 and at time t. The SAFT process can be resumed by the focusing of the waves at every depth z of the material with proper phase shifts by a backpropagation operation expressed as
If a reflector is present at a certain depth, a coherent summation of the information will occur at its position, otherwise this summation is incoherent. The dispersion compensation occurs by applying a correction based on the phase velocity curve V P (fx2h) which corresponds to the frequency bandwidth of interest. Finally, a summation over the frequency components of this bandwidth combined with an inverse spatial Fourier transform from k x to x leads to a defect function B(X,Z) representing the reflectors at their positions in the plate, allowing a lateral measurement of defects, as well as their positioning. Additional phase shifts must be accounted for if a coupling medium (wedge) is used for the generation [9] . In the case of linear arrays, we consider a single point generation in the middle of the comb, as in equation (3).
Thickness Measurement: Phase Velocity Variations Method
The phase velocity variation method is based on the velocity shift of a Lamb mode occurring when the thickness of a plate changes. The measurement of the phase velocity curve of a given mode gives a measurement of the thickness of the plate. For a corroded area with finite dimensions, if the thinning is relatively constant in depth, the measurement of a phase velocity curve of a mode as it travels under this defect can be used to compute its remaining thickness, hi order to achieve this measurement, a simple model can be set, based on the relative measurement of a mode propagating over a non-corroded and a corroded area. This measurement implies two conditions: the propagation length of the waves under the thinned area is a known value (in-plane size of the defect) and the mode propagating under the defect is pure, corresponding to either no or total mode conversion. 
where Z is the total length of propagation, z 2 is the length of propagation under the defect, V is the phase velocity of the generated mode in the non-corroded plate as a function of angular frequency co and known plate thickness 2h and V D is the phase velocity of the mode propagating under the thinned area. Performing the phase difference A^(<y) between these two signals leads to an expression of the phase velocity under the defect, By using a highly dispersive mode, one can expect to measure the residual thickness under the thinned, corroded area. Experimental considerations will be discussed in the experiments section. Various thickness measurement methods using Lamb waves may also be found in many references [10-] .
EXPERIMENTS Lamb Waves Generation
Two different types of transducers were used in our experiments, a standard 0.25 inch, 3.5 MHz contact transducer on a Perspex wedge (2720 m/s) and a 2D piezoelectric linear array with a central frequency of 2.25 MHz ( figure 2(a) ). This array is made of 30 combs, 1 mm apart and with a 2 mm wavelength allowing electronic scanning instead of a mechanical one. For the pulse-echo measurements, both transducers were used and results were compared between the two transducers. For the thinning measurements in through transmission mode, the 2-D linear array was used as the emitter while the reception was performed with the piezoelectric on the wedge ( figure 2(b) . 
Defect Localization and Sizing
A 1.87 mm stainless steel plate (V s = 3l40m/s,V L =5630m/s) specimen with simulated defects was used to test the ability of using SAFT along with conventional angle-wedge and linear array generation to locate and size simulated corrosion. Five flat bottom holes with a 1.5 mm diameter were drilled in the plate (50% through) in a cross pattern to simulate pitting corrosion ( figure 3 (a) ). For the experiment, the fundamental A 0 mode was generated with the combs (1.28 MHz, 3 adjacent combs at the same time), while the AI mode was excited by the angle-wedge method (2.21 MHz). In both cases, the generated mode was located on the 2 mm wavelength curve of the dispersion curves. A toneburst generation was used in both cases for mode excitation. In order to create a sufficient wavelength selection with the comb, the number of cycles of the excitation has to be close to the number of elements on the comb and was set at 8 in order to keep the imaging resolution as high as possible. In the case of the angle-wedge generation, the excitation was set to 6.5 cycles (3 JLIS). In both cases, sampling frequency was 25 MHz (4096 points) and spatial sampling was 1 mm (half-wavelength).
Scanning results with the comb configurations and angle-wedge inspections are presented in Figure 3 (b) and (c). These results are presented as SAFT images with the scanning line located on the left side of the images. With the comb setup, four of the five pits were detected (the upper pit and 3 horizontally aligned pits). The measured lateral diameters (vertical axis) of the detected pits ranged from 2.8 mm for the upper pit to 4.4 mm for the center pit. Almost the same results were also obtained using the angle wedge setup on the same specimen. These obtained diameters represent approximately double the real diameters of the simulated pits. The distance separating the center of the vertical pits is approximately 7 mm for the combs and 5.2 mm for the angle-wedge, which is in good agreement with the expected real distance (6 mm). Finally, the horizontal separation of the pits, measured from the left of each pit detected is, from left to right, 5.8 mm and 5.7 mm for the combs, and 5.8 mm and 6.8 mm for the angle-wedge image. This analysis shows the similarity of the results obtained with both setups. The major difference is the contrast related to the background noise, which is not high for the comb results (the contrast of the figure 3(b) had to be enhanced in order to clearly see the pits). Nevertheless, we can conclude that there is a great potential of detection and sizing of pits by combining Lamb waves and SAFT, using either the conventional angle-wedge method or linear arrays. 
Thickness Measurement
The investigated sample for thickness measurement represented a 41.5x56x2.08 mm thick aluminum plate (V s =3lWm/s, V L =62l5m/s) and 0.24 mm deep thinned area (11.5% of the p late thickness). T he e xcitation o f the L amb w aves w as p erformed using the 2-D linear array while the angle-wedge piezoelectric element was scanned over the inspected area of the plate for the reception in front of the generating comb.
A few parameters need to be accounted for to perform a correct thickness measurement. T he first aspect to consider is the sensitivity of the measurement, which means which mode to use and at what frequency it should be excited. Since the measurement is based on phase velocity variations, the excited mode should be highly dispersive at the selected frequency-thickness to be able to follow small thickness changes. A good way to identify the location of high levels of dispersion on the Lamb waves curve is the variation of velocity versus frequency representation, as shown in figure 4 (a) for a 2.08 mm aluminum plate. As expected, we can see from this plot that the maximum dispersion is located near the cutoff frequencies of the higher order modes, as well as at low frequencies for the fundamental A 0 mode. The problem with high order modes comes with the cutoff frequencies. Since we wish to observe a thinning of the plate, we may lose the mode if t he p late t hickness b ecomes t oo s mall. 11 m ay b e d esirable t o u se a m ode without a cutoff frequency or far from its cutoff frequency. The A 0 mode may therefore be a good choice [10] [11] . The So mode also presents a high level of dispersion near 1.1 MHz and was used in [11] [12] [13] . If we allow ourselves to use high order modes, AI and Si modes both have a local maximum respectively around 2 MHz and 2.9 MHz, which may also be a pertinent choice to follow a thinning with a good and relatively constant precision.
Another important point to look at is the ability to excite a pure mode, which is easier to do if the mode is isolated from the others in the phase velocity dispersion. A quick look at the phase velocity dispersion curve permits to make this choice easily ( figure  4(b) ). S ince we expect to follow p ure m odes, i t i s d esirable to use low order mode to minimize the mode conversion possibilities. In our case, another important aspect had to be considered: the combs used to receive the wave modes have a fixed wavelength of 2 mm. Thus, the selection of the mode had to be done on this wavelength line. Considering these issues, our choice for thinning evaluation was the AI mode. As it can be seen within the dashed boxes on figure 5(a) and (b), three different areas present errors larger than their surrounding: between the scan positions 2 to 4 mm (area #1), 17 and 18 mm (area #2) and finally 28 to 30 mm (area #3). As it can be observed on figure 5(c), area #1 presents a lack of information due to a problem with the linear arrays, which is also the case between 11 and 14 mm where the thickness error is less apparent. Area #2 is located at the interface between the thinned area and the full thickness, where we should expect to receive mixed information and consequently a wrong thickness. Finally, the echoes were saturated in the area #3, where the last three scanning positions. The 30 combs of the 2-D array were unfortunately not all identical and we had to saturate the information on those three last combs in order to obtain information on most positions of the inspection. The results from the thickness measurement are encouraging and the main conclusion is the tests gave precise results since a maximum error of 2% was obtained, which is equivalent to an error of approximately 0.04 mm for a thickness of 1.84 mm.
CONCLUSION
Encouraging results were obtained for corrosion detection and evaluation using Lamb waves generated with either linear arrays or conventional angle-wedge method. Combining Lamb waves with SAFT imaging allowed the detection of simulated corrosion in airframe structures. A group of pits of 1.5 mm in diameters was successfully detected and characterized. Furthermore, an 11.5% thinning was measured with an accuracy of 2% using a Lamb waves phase velocity variation method. This accuracy leads us to think that even smaller thinning may be measured using Lamb modes.
